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ABSTRACT m

Gaseous oxygen for AAP EVA flows through an um-
bilical to a chest mounted pressure control unit (PCU).
Thermal coupling between the oxygen line and two water lines
in the umbilical tends to stabilize oxygen temperatures. In
the analysis, an energy balance, based on an overall heat
transfer coefficient between the oxygen line and the two
water lines, yields oxygen temperature as a function of posi-
tion along the umbilical. The overall coefficient is calcu-
lated from a finite difference computer model of the umbili-
cal cross section. The analysis indicates that the oxygen
temperature exponentially approaches the average water tem-
perature with substantial oxygen temperature changes possible
in long umbilicals. Since the presently configured AAP
umbilical is long, oxygen temperatures at the PCU will be
near the average water temperature.
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I. INTRODUCTION

During the AAP EVA events, gaseous oxygen flows
through a long umbilical to a small, chest-mounted Pressure
Control Unit (PCU). Oxygen temperatures at the umbilical
entrance can vary somewhat, however, thermal coupling
with water lines in the umbilical tends to stabilize oxygen
temperatures at the PCU. An analysis to determine the im-
portance of this thermal coupling in the umbilical is pre-
sented here. Only the umbilical problem is considered
although other effects may be important such as any pressure
reduction at the PCU.

As shown in Fig. 1, a proposed umbilical* con-
sists of one oxygen line, two water lines, and a series of
electrical leads, all surrounded by several layers of fabric
and insulation. The oxygen flows at approximately 9 1lbs/hr
to the astronaut and then is vented to space. Water for
cooling purposes flows to the astronaut at 230 lbs/hr at
approximately 41°F and returns to the spacecraft at approxi-

mately 51°F.(l)
IT. ANALYSIS

The general method of solution is to perform an
energy balance on a differential length of oxygen line using
an effective overall heat transfer coefficient between the
oxygen and water lines. The resulting differential equation
is integrated to yield bulk oxygen temperature as a function
of position along the umbilical. To complete the solution,
the overall heat transfer coefficient is evaluated from a
finite difference computer model of the umbilical cross
section.

Assumptions

1. The water lines and oxygen line in the umbilical
are completely insulated from the external thermal
environment. '

*Umbilical configuration has not been finalized.
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2. Since water flow rates are relatively high and
since the heat capacity of water is relatively
high, the water temperatures are essentially con-
stant along the umbilical.

3. Conduction in the axial direction is negligible.
In the rubber hoses, radial conduction dominates;
and in the gaseous oxygen, the flow term (mass
flow rate times specific heat) dominates.

4, BAn effective, overall heat transfer coefficient
H, which is constant over the range of tempera-

.
ures congsidered, can be defined.

wliid T ST e aalTRs

Energy Balance and Governing Equations

Let the overall heat transfer coefficient H
(BTU/hr ft °F) be defined as follows:

g=H (Tw - T)
where

g = net heat transfer rate per unit length
between the two water lines and the
oxygen line.

=31
il

arithmetic average of the two water
temperatures (46°F).

T = bulk oxygen temperature at a given
umbilical position.

The terms q and T are functions of position x measured along

the umbilical while iw and H have been assumed constant.

At steady state, the summation of heat flow rates
into the volume between x and X + Ax, as illustrated in Fig.
2, is zero. Employing the above assumptions, this summation
for Ax approaching zero is

- L] dT _— -—
meT me(T + HEAX) + H(Tw -~ T) Ax = 0

After simplifying and rearranging, the following ordinary
differential equation is obtained:
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dax Cpm(Tw T)

Integrating and substituting the boundary condition T=T, at

x=0 yields the following expression for bulk oxygen tempera-
ture:

T=T + (T, - Tw) exp (:E—x)

w mC
P

Therefore, the oxygen temperature will approach the average
water temperature exponentially.

Calculation of the Overall Coefficient H

To evaluate H, a finite difference model of a sim-

plified umbilical cross section is constructed. (For a
comprehensive treatment of the method of finite differences,
see Dusinberre, Ref. 2). As indicated in Fig. 3, the two

water lines and the oxygen line are divided into 105 iso-
thermal sectors or nodes. Nodes 1 through 99 represent the
rubber hoses; nodes 100, 101, and 102 represent the fabric
cover at the contact zone between hoses; and nodes 103, 104,
and 105 represent the warm water, cool water, and gaseous
oxygen flow cross sections respectively.

For the evaluation of thermal conductor paths, a
1/8 inch contact zone between hoses and a 1/64 inch fabric
thickness are chosen. Approximate conductivity values
selected for the rubber and the fabric are 0.1 BTU/hr ft °F
and 0.04 BTU/hr ft °F respectively. Contact coefficients
are not considered. Although more precise information is
desirable here, the values used are at least typical and
probably as accurate as any now available.

A local heat transfer coefficient h, as defined
by Newton's law of cooling, is used for calculating conductor
paths between fluid nodes and adjacent solid nodes. For
the gaseous oxygen, with a Reynolds number R = 12,000 and

a Prandt number Pr = 0.72, the experimental Deissler plot(3)

yields an h value of 23 BTU/hr °F ftz. The entrance region

where h approaches this constant value is short and is ig-
nored; and variations with temperature and pressure are
small enough to be ignored in this calculation.
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For the warm water line with Rn = 2,900 and Pr =9.7,
and for the cool water line with Rn = 2,500 and Pr = 11.6,

flow is in the transition region between the smooth laminar
and fully developed turbulent regimes - a region of flow where
accurate data is difficult to obtain. The Deissler plot is
not applicable for this flow condition; therefore, a similar

plot by Siedler and Tate(3) is used. This second plot gives
the coefficient based on a logarithmic mean temperature
difference; however, this coefficient for large length to
diameter ratios is nearly equal to the local coefficient.

Thus, for the warm and cool water lines respectively, h values

7
o _ 2 _ 2
of 172 BTU/hr ft° °F and 135 BTU/hr ft~ °F are used.
III. RESULTS

The finite difference model is solved on a computer
using the Chrysler Improved Numerical Difference Analyzer
(CINDA) ,* which is a large program designed to solve thermal
analog models presented in a network format. 1In this case,
the network is the assembly of nodes and conductors represent-
ing the umbilical cross-section. Due to the ease of solving
these networks with CINDA, a relatively fine breakdown of
the umbilical cross section is used. For this case, H is
calculated to be 0.085 BTU/hr ft °F.

Substituting H, Tw and me into the expression for
bulk oxygen temperature yields

T = 46°F + (T, - 46°F) exp (-.044x)
where x is the distance along the umbilical measured in feet.

To illustrate the significance of the thermal
coupling, oxygen entering a 60 ft umbilical with a minimum
temperature of -22°F will exit at the PCU within 5°F of the
asymtotic value of 46°F. To obtain the same exit temperature
of 41°F for a 40 ft. umbilical, the minimum inlet tempera-
ture is 18°F, and for a 20 ft. umbilical, it is 34°F.

For the 60 ft. case, the water lines supply
123 BTU/hr to the oxygen. This results in less than a 1°F
change in the average water temperature (Assumption 2).
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IVv. CONCLUSIONS

Despite inherent analytical uncertainties, it is
clear that thermal coupling in umbilicals can substantially
influence oxygen temperatures. For long umbilicals, the
oxygen temperature at the PCU is close to the average water
temperature over a wide range of inlet temperatures.

The presently configured AAP umbilical, which is
similar to the umbilical analyzed, is long (60 ft.)*, and
the oxygen inlet temperature is controlled by a heat ex-
changer to a small range (approximately 40°F to 70°F).
Therefcre, oxygen temperatures at the PCU will be near the
average water temperature, and there should be no difficulty
in maintaining the desired temperature (40°F to 65°F).

Gorge fanis ok

1022-GMY-cf G. M. Yanizeski

*Umbilical data represent approximate values obtained
from telephone conversations with J. T. Brown of MSC and
L. C. Calhoun of McDonnell Douglas.
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FIGURE 3- FINITE DIFFERENCE BREAKDOWN OF THE UMBILICAL CROSS SECTION
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